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Abstract A model of crosslinker unbinding is implemented in a highly coarse-
grained granular model of F-actin cytoskeleton. We employ this speciﬁc granular
model to study the mechanisms of the compressive responses of F-actin networks.
It is found that the compressive response of F-actin cytoskeleton has dependency
on the strain rate. The evolution of deformation energy in the network indicates
that crosslinker unbinding events can induce the remodelling of F-actin cytoskele-
ton in response to external loadings. The internal stress in F-actin cytoskeleton
can efﬁciently dissipate with the help of crosslinker unbinding, which could lead
to the spontaneous relaxation of living cells.
c© 2014 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1405106]
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Cytoskeleton is the material basis for living eukaryotic cells to undergo external mechanical
loading.1 F-actin is an important component of cytoskeleton whose mechanical behaviours can
regulate the cellular changes and force generation in cell migration and division.2–4 Enormous
efforts have been devoted to investigate the cryptic mechanical properties of F-actin networks in
living cells for decades.5–7 The F-actin network can remodel under mechanical loading, which
allows living cells to adjust their cytoskeleton structures for higher mechanical stability.8 It is
recently reported that the slow dynamics of F-actin networks is induced by crosslinker unbinding
events,9 which helps living cells to make wise decisions in the evolution of cellular morphology.
The process of dynamical remodelling in F-actin cytoskeleton is signiﬁcant to understand the
mechanisms of cellular morphology changes with respect to the mechanical inputs. Molecular
events (e.g., crosslinker unbinding and cytoskeleton remodelling) that happen at sub-cellular res-
olution can provide insights into the mechanical responses of F-actin cytoskeleton. However, the
operation conditions of high resolution microscope always have conﬂicts with the environmental
requirements of living cells, which makes it difﬁcult in tracking the aforementioned in situ dynam-
ics of F-actin during cellular activities. Therefore, theoretical analysis is needed to explore those
molecular events in F-actin cytoskeleton during cellular evolution under mechanical constrains.
Numerical modelling of biological materials can describe the living systems in terms of
physics and chemistry, which helps to understand mechanical behaviours of ﬂexible biological
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soft matters.10 Molecular dynamics (MD) simulation of biomacromolecules can provide ultimate
details of motional phenomena in principle for understanding various biophysical phenomena at
the molecular level.11 However, all-atomMDmodelling system involves several millions of atoms
with nowadays computer power,12 which can only support the modelling of single F-actin up to
hundred nanometres. This limits MD modelling’s application in direct characterization of me-
chanical behaviours of F-actin cytoskeleton that consists of thousands of isotropically crosslinked
ﬁlaments. Different coarse-grained (CG) strategies were developed for F-actin modelling to meet
the length scale requirements.13,14 With these CG models, mechanical modelling of F-actin cy-
toskeleton can be extended to microscale. Kim et al.15 developed a rod based CG model with
empirical parameters to explain the signiﬁcance of actin crosslinkers unbinding in the rheology of
F-actin networks. With parameters extracted from all-atom MD simulation and experiments, Li
et al.16 developed a bead based CG model of F-actin under the modelling framework of Brownian
dynamics for the mechanical simulation of F-actin.
A crosslinker unbinding mechanism dominated by deformation was implemented in this study
to the CG model developed in Ref. 16 to predict the dynamical response of F-actin cytoskeleton
induced by transient crosslinker unbinding. The 3D F-actin model is developed based on an in
vitro characterization crosslinked F-actin networks,17 in which F-actin ﬁlaments are isotropically
crosslinked. Filaments in our model are assumed to be orienting around 70◦ towards the plasma
membrane.18 In a randomly generated network model, crosslinkers can be determined by the
distance between G-actin monomers in different F-actin ﬁbres. Figure 1 illustrates a typical net-
work structure in cells and conformations of cross-linkage in the networks. The F-actin network
is assumed to be regular hexahedron for simplicity. The edge length of square cross-section is
150 nm and the thickness of hexahedron is 60 nm. More details can be found in the supplemen-
tary material.19 A crosslinker rupture model based on mechanical testing results20–22 is developed
to understand the signiﬁcance of crosslinker unbinding in the compression of F-actin cytoskeleton.
We respectively carry out the numerical modelling of F-actin networks compression (by dis-
placement controlling) at different strain rates to characterize the mechanical properties of F-actin
networks. In order to evaluate the mechanical properties of F-actin networks, compressive stress,
modulus, and potential energy (deformation energy) are calculated based on the simulation result.
Compressive stress is calculated with respect to the pressure on unit area as σ = F/A. Here F is
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Fig. 1. (Color online) 3D F-actin network model. Red dots represent the randomly distributed crosslinkers.
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pressure on the surface of network and A= 2.25×104 nm2 is area of cross-section of the network.
The modulus is derived from the compressive stress as E = ∂σ/∂ε . ε denotes the strain of F-actin
network under compression. The potential energy P of F-actin and crosslinker is independently
normalized regarding the initial energy state P0 to understand the source of energy carrying capa-
bility in the F-actin network. Therefore, the deviation of normalized potential energy P/P0 from
“one” denotes the degree of energy evolution during the compression.
The crosslinker unbinding in F-actin networks can induce the rearrangement of network struc-
ture and positively adjust their mechanical performances under mechanical inputs.8,9,23 We have
putatively removed the crosslinker unbinding mechanism in the F-actin model as a reference to
normal conditions. The compressive responses of F-actin networks with and without crosslinker
unbinding model are compared to understand the signiﬁcance of crosslinker unbinding (Fig. 2).
In the low strain region (8%), the modulus of F-actin networks with either detachable or non-
detachable crosslinkers is quite similar to each other, indicating that crosslinker unbinding would
not take place under this deformation limit (ε = 8%). When the deformation exceeds 8%, the
F-actin network shows lower modulus when crosslinker unbinding is allowed to take place. This
indicates that the crosslinker unbinding can improve the ﬂexibility of F-actin cytoskeleton when
the deformation is large. This characteristic is positive for living cells to maintain a healthy phase
as one typical characteristic of most cancer cells is their higher stiffness. When deformation
reaches 13%, a dramatic decrease in modulus is observed in the networks that are of detachable
crosslinkers compared to the saturated modulus of networks with non-detachable crosslinkers.
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Fig. 2. Compressive response of F-actin networks with and without crosslinker unbinding.
Both of these two cases present softening phenomenon when the compressive deformation
increases (Fig. 2(b), after vertical dash line). However, the compressive modulus of F-actin net-
works with detachable crosslinkers is lower than relatively rigid networks before softening, which
means crosslinker breakage can sensitively mediate the stiffness of F-actin cytoskeleton to de-
crease energy accumulation in cells during deformation. With respect to the region of softening,
the stiffness of F-actin cytoskeleton with detachable crosslinkers decreases more efﬁciently. The
energy can dissipate more efﬁciently in the F-actin cytoskeleton with detachable crosslinkers,
which is more positive for stressed living cells to relieve the pressure under large deformation.
Both longitudinal and rotational stiffness of F-actin in this CG model are assumed to be har-
monic to exclude the possibility that decrease of the modulus is a result of intrinsic material
behaviour of F-actin ﬁlament. Therefore, decrease of the modulus can only be the result of mi-
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crostructure remodelling. Regardless of crosslinker unbinding, the F-actin networks in both mod-
els showed softening behaviours. However, when crosslinker unbinding is allowed in the network,
F-actin cytoskeleton would present lower stiffness and higher ﬂexibility in response to external
loadings, which is a self-protective property of living cells.
It has been widely reported that the mechanics of living cells has dependency on the de-
formation rates.24–27 To quantify this dependency of strain rate by the CG model, we study the
mechanical properties of 3D F-actin networks under different strain rates. In all these modelling
cases of rate-dependency, crosslinker unbinding events are allowed during the compression. The
compressive strains are all the same in different cases, but the duration of compression varies from
0.1 μs to 1 μs to achieve different strain rates. It should be noted that, the actual transition time
for protein structure change is believed to be at micro-second scale,28 but most all-atom MD sim-
ulations can only play the modelling at nanosecond scale. This indicates that our CG modelling
strategy at micro-second scale is capable to improve the capability of molecular modelling in the
characterization of time dependent mechanical properties of soft matters at large spatial scale.
The F-actin networks with crosslinkers are all compressed to 80% of its original thickness in
the aforementioned durations and the corresponding strain rate ranges from 0.2 μs−1 to 2 μs−1.
The compressive stress is tracked during the deformation and related results are shown in Fig. 3.
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Fig. 3. (a) Stress–strain relation at different strain rates. (b) Compressive modulus at different strain rates.
The compressive modulus of F-actin networks increases with the strain rate, which is similar
to crystalline inorganic materials.29 Stiffness changes during compression can be derived from
the stress–strain relationship, which is provided in Fig. 3(b). Lower strain rate can lead to smaller
compressive modulus of the F-actin network. In order to understand the mechanism of the rate
dependency, the potential energy of network was divided into two parts: deformation energy in
F-actin and deformation energy in crosslinkers. These energy proﬁles with respect to modelling
time for both F-actin and crosslinkers at different strain rates are provided in Fig. 4.
Under lower strain rate conditions (0.2 μs−1), the normalized potential energy on crosslinkers
(hollow markers in Fig. 4) is lower than the results of higher strain rate (2 μs−1) when the com-
pression is smaller than 15%. The decrease of potential energy in crosslinkers denotes that the
crosslinkers were unbinding from the network. When strain rate is low, longer duration is allowed
for crosslinkers to unbind from F-actin and the deformation energy due to mechanical loading is
more easily to get released. However, when enough time is allowed for the internal stress to build
up and transport from F-actin to crosslinker (after deformation exceeds 15%), F-actin ﬁlaments
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would reorganize to build more optimized network that is of lower potential energy. Therefore,
the macroscopic mechanical properties of F-actin networks are not only results of the inherent ma-
terial behaviours of F-actin or crosslinkers, but also a result of the dynamic remodelling process
of F-actin networks structures during deformation.
The stress dissipation of F-actin networks30 is another positive aspect for living cells to be
self-protective under constant mechanical loadings. We have designed four modelling cases with
the above mentioned different strain rates to capture the transient stress dissipation in F-actin
networks, which can help to study the physical mechanisms of this dissipation process. In the
modelling of stress dissipation, after the compression has been ﬁnished, the deformation of F-
actin network is reserved for a period that is two times of the loading duration, in which the
stress was allowed to get released in the F-actin network. The stress evolution in the networks is
provided with respect to modelling time in Fig. 5. It can be found that the rate of stress dissipation
has dependency on the strain rate in the whole process of stress dissipation (dash line in Fig. 5)
and a saturated stress can be achieved after the transient and dramatic decrease of stress.
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Fig. 4. Potential energy proﬁle of F-actin and
crosslink during mechanical loading.
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Fig. 5. Stress dissipation of F-actin networks
after loadings with different strain rates.
The signiﬁcance of crosslinker unbinding events is further investigated by comparing to the
results when the crosslinker unbinding events are putatively prohibited. In order to understand the
mechanisms of stress dissipation of F-actin networks, the potential energy carried by F-actin and
crosslinkers are independently captured for analysis. Only the strain rate of 0.2 μs−1 is studied
without loss of generality. Figure 6(a) shows the stress dissipation processes of F-actin networks
with different crosslinker phases. For networks with non-detachable crosslinkers, the stress be-
comes saturated efﬁciently after the loading is stopped, which is different from the network with
detachable crosslinkers whose stress keeps decreasing at the same time. The stress dissipation
rate of F-actin networks is higher when the crosslinkers are allowed unbind from F-actin (dash
line in Fig. 6(a)), which further proves the signiﬁcance of crosslinkers in the stress dissipation of
F-actin networks.
From Fig. 6(b), it can be seen that F-actin carries less potential energy when crosslinkers can
unbind from the network (solid square proﬁle). The potential energy in crosslinkers decreases
during the deformation (hollow square in Fig. 6(b)), which indicates that the crosslinkers are un-
binding from the networks. These unbinding of crosslinkers can improve the remodelling ability
of network structures in the optimization of internal stress distribution, making the networks struc-
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Fig. 6. (a) Macroscopic stress of F-actin networks. (b) Potential energy carried by F-actin and crosslinkers.
ture more ﬂexible to resist the deformation that is caused by external mechanical loadings. When
crosslinker unbinding are prohibited in the networks, the potential energy carried by crosslinkers
are saturated in the period of constant deformation (hollow circle in Fig. 6(b)), which indicates
that the room for networks remodelling was limited by the rigid cross-linkage between single
ﬁlaments. On the contrary, obvious energy ﬂuctuation can be found on the proﬁle of potential
energy at cross-linkage when crosslinkers can dynamically unbind in the network (hollow square
in Fig. 6(b)). These ﬂuctuations of energy proﬁles are related to the dynamical formation and
break of crosslinkers in the networks.
In summary, during various cellular activities in mechanical environments, the network struc-
tures of F-actin cytoskeleton are naturally optimizing themselves with the help of crosslinker un-
binding events. This strategy of dynamical optimization in F-actin cytoskeleton can contribute to
the self-protective ability of living cells to undergo challenging mechanical conditions in complex
surviving environments.
We have implemented a crosslinker unbinding mechanisms to the CG modelling strategy in
the mechanical characterization of F-actin networks. Unbinding events are allowed to happen in
association to the compressive deformation of F-actin networks. We have quantiﬁed the compres-
sive response of F-actin network with different mechanical constraints to study the underlying
mechanisms. The following conclusions can be made based on the mechanism study. (1) Cross-
linkers unbinding events can sensitively mediate the mechanical response of F-actin networks.
The networks can be softened in response to deformation due to the unbinding of crosslinkers,
making F-actin networks more ﬂexible to undergo external mechanical signals. (2) The compres-
sive stiffness of F-actin networks has dependency on the strain rates. Lower strain rate will lead
to lower stiffness, which is caused by the transmission of internal stress. (3) Deformation energy
in F-actin networks can be dissipated efﬁciently with the help of crosslinker unbinding, which is
signiﬁcant for living cells to avoid highly stressed states under mechanical constrains.
The mechanical performance of living cells is cryptic and should not be handled by implicit
material models. Granular model that involves speciﬁc physical events is more suitable for the
theoretical investigation of the mechanical responses of F-actin networks in time domain. Our
explicit model can qualitatively evaluate the compressive response of 3D F-actin networks in
time domain while considering the effects of crosslinker unbinding. The transient crosslinker
unbinding events are proved to be signiﬁcant for the mechanical mediation of F-actin cytoskeleton.
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Under mechanical deformation, the dynamics of crosslinkers in F-actin networks can associate the
dissipation of potential energy and the remodelling of networks structural, which is positive for
living cells to be self-protective in constantly changing mechanical environments.
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